Electrical impedance tomography (EIT) is a technique of image reconstruction of the electrical conductivity distribution in a tissue or region under observation. An electrical system for EIT comprises complex hardware and software modules, which are designed for a specific application which requires that the system to be able to detect conductivity variations within the study object. The Front-End for body composition measurement, AFE4300 from Texas Instruments allows a minimal implementation of an electrical impedance tomography system. It is the main device in the development of the EIT system presented in this paper, this device injects the current signal and measures the tensions generated on the study region boundary by 8 electrodes, the image reconstruction software was developed on the National Instruments platform Labview. The system includes a microcontroller PIC16F886 to configure the 8 channels for the definition of the patterns of injection and measurement of signals, also defines the current signal frequency and the bluetooth communication with the computer for the image reconstruction. The developed system was validated by a planar resistive phantom (CardiffEIT phantom), obtaining a stable voltage measurement every 50 ms per pair of electrodes, and a signal to noise ratio (SNR) maximum of 71.8 dB, for a current signal of 50 kHz. Additionally, tests were carried out in a saline tank with a concentration of 4 g/L, the developed system can simultaneously estimate the presence of conductive and non-conductive disturbances into the tank.
INTRODUCTION
Patients suffering from urological disease or spinal cord injury usually have difficulties perceiving bladder fullness and voiding due to neurological damage or muscular atrophy. If these patients do not empty their bladders on time, voiding dysfunction can result in urinary tract infections and urinary reflux, which may even lead to renal failure. The clinic process for bladder emptying is done by inserting a catheter into the bladder to drain urine, this method is invasive and may cause urinary tract infection, besides that not respect the micturition desire of patients. There are techniques that apply the ultrasound and pressure sensors for the bladder volume measurement for to assist the bladder emptying, with the disadvantages of the high noise and low precision of measurements (Li et al., 2016) .
The impedance distribution measurement is another technique to measure the bladder volume with the aim of assisting the process of emptying bladder. Electrical impedance tomography (EIT) is a noninvasive technique that allows to get intra-thoracic images. The EIT systems are based on the injection of currents and on the measurement of the resulting potentials at the boundary, by means of electrodes. In EIT applications on biological tissues, the currents used are of sinusoidal nature, with amplitudes of a few mA and frequencies ranging from 1 and 100 kHz. Known the potentials and the currents at the object boundary to be analyzed, a method of image reconstruction is used to estimate the electrical conductivity distribution inside of the region (Harikumar et al., 2013) .
The EIT has numerous applications in the medical field, successfully entering in the monitoring of intracranial hemorrhages or hematomas (Ayati et al., 2015) , cancer detection (Gao et al., 2014) , study of pelvic fluid accumulation (Li et al., 2016) , pulmonary ventilation analysis (Bordes et al., 2016) , blood pressure measurement , among others. The non-invasive and radiation-free character of the EIT makes this technique a good alternative for supporting the diagnosis and monitoring of medical pathologies (Harikumar et al., 2013) , (Islam and Kiber, 2014) .
Many studies have been advanced in the implementation of EIT systems, oriented to the detection and monitoring of medical pathologies, these works focus on the development of efficient and portable equipment, using electronic programmable devices. Within the studies developed we highlight the use of FPGA s (Field programmable Gate array) or DSP s (Digital Signal Processors), devices that allow to develop tomographic system capable of generating up to 50 images per second, which has promoted the use of EIT in problems with a high variation of the conductivity per unit of time, for example the monitoring of the blood pressure , (Balleza-Ordaz et al., 2015) , (Bordes et al., 2016) . For EIT systems oriented to medical applications with a low temporal variability of its conductivity, the use of microcontrollers presents good results as evidenced in (Chitturi et al., 2014) , (Fouchard et al., 2014) and (Huang et al., 2016) , with a lower cost compared to systems developed with DSP s and FPGA s. Applications such as the bladder emptying and studies of the cranial cavity and the bone system are fields in which low-frequency EIT systems can be used in processes of monitoring and pathologies detection (Li et al., 2016) , (Atefi et al., 2016) , (Ron et al., 2016) .
The aim of this paper is to propose a new, low cost, 8 channels EIT system for rapid prototyping, intended for monitoring bladder emptying, process that need a low quantity of images per second, based on the body composition measurement device of Texas Instruments AFE4300. The hardware structure of the system is presented in section 2. The algorithm for the reconstruction of conductivity distribution images is described in section 3 and the experimental results in a saline tank are presented in section 4.
HARDWARE STRUCTURE
EIT systems require the injection of a sinusoidal current of both constant amplitude and frequency and also the measurement of the potential difference across the electrodes around the boundary of the object under study. The values of the injected current and the potentials measured on the electrodes are used as the inputs to the reconstruction algorithm, producing images of the electrical conductivity distribution. The system presented in this work generates a current signal of 833 µA at 50 kHz, which is injected by adjacent pairs of electrodes (Texas-Instruments, 2012) .
The measure of the potentials is carried out by using the adjacent electrode pairs method. These injection and measurement patterns can be modified by configuring the registers of the AFE4300.
The EIT system consists of a mixed front-end (AFE4300), which has 8 ports for current injection and 8 ports for potentials measurement, also integrates the direct digital synthesizer (DDS), voltagecontrolled current source (VCCS), voltage sensing, quadrature demodulator or full-wave rectifier and the multiplexing stages for injection and measurement. The LabVIEW platform of National Instruments is used for the communication with the hardware and for the implementation of the image reconstruction algorithm. A microcontroller PIC16F886 connected to Bluetooth module HC06 is used as the interface between the PC running Labview and the AFE4300 based system. The block diagrams of the overall system is depicted in figure 1 . A photograph of the card with the electronic components is presented in 2. 
Front-End AFE4300
To measure the body impedance, the AFE4300 generates a sinusoidal signal by means of a DDS. The frequency of this signal can be programmed from a 10-bit record. The DDS output signal feeds a 6-bit DAC whose refresh rate is 1 msps. The high-frequency components of the DAC output signal are eliminated by means of a low pass band second-order filter with a cut-off frequency of 150 kHz. The DC component of the signal delivered by the filter is removed by means of a in series external capacitor. One of the capacitor terminals is the input signal to a voltagecurrent converter that is connected to a multiplexer and then to the current injection ports (IOUTX). The injection pattern is programmed through the configuration register ISW MUX. Figure 3 shows the scheme of body composition meter module of the AFE4300 described.
The voltage to current conversion is made through the following equation:
Being R 1 = 1.5 kΩ ± 20% an internal element of the AFE4300. Considering the minimal value of R 1 , the maximal current generated is equal to the RMS value of the voltage (1V pp /(2 √ 2) divided by 1.2 kΩ, equivalent to 294.5 µA, which is below the maximum allowable current for a human being that is 500 µA (Master and Mark, 2012) . The object to which the current signal is injected generates a voltage difference between the measuring electrodes, due to the internal conductivity distribution of the object. This voltage difference is sensed by the AFE4300 through the voltage ports (VSENSEx). Voltage measurements are performed using the adjacent electrode method, which is defined by the programming register VSENSE MUX of AFE4300. Voltage measurements are entered into a differential amplifier, which determines voltage variation due to conductivity changes within the study object. This variation can be obtained by full wave rectification or by quadrature (I/Q). The first option provides the magnitude of the impedance, while the second one generates the real and the imaginary parts of the impedance (Texas-Instruments, 2012) . For this development the first measurement option is used, which after performing the full wave rectification, a low pass filter is used to generate a DC signal proportional to the impedance module |Z| (Equation (2)).
K is the proportionality constant due to calibration. For this study, the calibration ports of the device are not used, in order to have the availability of the 8 channels for the injection and measurement signals.
The voltage values in the electrodes are sent to the PIC16F886, to be later transmitted via Bluetooth to the computer where the image reconstruction of the conductivity distribution is carried out.
As can be demonstrated, the system is of easy implementation and consists of a few number of electronic components, making this a compact and a portable system. Other EIT systems implemented with FPGA s, DSP s or microcontrollers, despite their promising results, are systems that involve several modules such as VCCS, Multiplexing, AD and DA converters and their respective interfaces, which makes these proposals, complex systems, such as those presented in (Bera and Nagaraju, 2009 ), (Khalighi et al., 2012) and (Wi et al., 2014) .
The system designed is also low cost with a cost of 65.60e. The prices of the devices AFE4300, PIC16F886 and HC06 respectively are 4.58e, 2.09e and 11.61e; passive elements such as resistors and capacitors, in addition to electrode connectors, 2000 mA LiPo 3.7 V battery and Power Cell LiPo Charger, have a price of 47.32e. Other systems based on FPGA Virtex or Ciclon , (Khan et al., 2015) , (Shi et al., 2016) are more expensive as these devices exceed 280e, for which our proposal a more economical prototype.
IMAGES RECONSTRUCTION
The process of obtaining a conductivity distribution within the object from the current and voltage measurements on boundary is called the reconstruction algorithm. The reconstruction algorithms solve a mathematical problem that is nonlinear and ill-posed. There are several reconstruction methods, such as the absolute, dynamic and multifrequency (Santos and Simini, 2013) . This work uses the dynamic method, which performs the reconstruction process from changes in conductivity, due to changes in the voltages in the electrodes, this technique is also known as differential image.
Considering that the injection and measurement are carried out in pairs of adjacent electrodes, it is possible to detect a voltage drop in any pair of electrodes. The gray region of the figure 4 shows the area whose changes in conductivity (δσ) generate changes over adjacent electrodes. These changes are a function of the measured voltages in different time or frequency and are estimated by the equation (3). δσ(x, y) = − 1
The change of conductivity δσ by a pixel in a given position (x, y) is estimated by the sum of the voltage changes (Φ) produced in all the equipotential regions, defined by the measuring electrodes, where that pixel belongs. For each injection combination (ω i ), one pixel will then belong only to one equipotential region u k ; For the implementation of the reconstruction algorithm is defined a weighting function W (x, y, ω i ), which is related to the conductivity sensitivity changes within the study object, then the mathematical model that describes the conductivity distribution is:
The function Φ being calculated as:
The reconstruction method represented by the equations (4) and (5) is implemented in C++ and compiled in a DLL (Dynamic Link Library), to later be used in a LabVIEW application.
EXPERIMENTAL TESTS
To verify the performance of the proposed EIT system the signal to noise ratio (SNR) is evaluated, this parameter estimates the precision of measurement, which quantified the repeatability of measurement under unchanged conditions. For the analysis of the SNR, a current signal of 50 kHz is injected into a 2D resistive phantom (Cardiff EIT Phantom). The SNR is calculated as the quotient between the mean and the standard deviation of each of the 30 measured frames. Different values of the delay between measures were tested 10, 25, 50 and 100 ms, with objective of to found the best characteristics the SNR. The results are presented in the table 1, which indicates that delay of 50 ms per measurement presents the best characteristics of SNR. This because of when switching a new channel, there is a transient that adds dispersion to the measurement if the delay between switching and acquiring is shorter than 25 ms. The dispersion improves if we wait for 50 ms, but it does not improve and even grows if the delay is 100 ms or more because there is a slow drift in the measured voltages that can be observed at the signal inputs, that is the reason of the dispersion increase for longer delays. Once the measurement time has been defined (50 ms), tests are carried out in a tank with a saline solution with conductive and non-conductive disturbances. The test for the image s reconstruction begins by determining the conductivity distribution of the tank with the saline solution, with a concentration of salt of 4g/L, in order to define the frame of reference for the dynamic reconstruction of subsequent images with the presence of disturbances. Once the reference frame is determined, conductive and nonconductive materials are inserted into the tank to evaluate the potential change over the surface electrodes.
In Figure 5 it is possible to observe the conductivity distribution within the tank without disturbances, in which small variations in the conductivity distribution can be observed. Figure 6 shows the image reconstruction of the tank with a non-conductive disturbance (peek bar). From this Figure it can be observed that the object causes a disturbance that is represented by blue color due to a negative conductivity change of −0.9. The same procedure is carried out for a conductive disturbance object which generates a change of conductivity of +0.9 in the reconstructed image (Figure 7 ). Finally, the test is carried out with both a conductive and a non-conductive simultaneously, to evaluate the capacity of the proposed system to detect various types of disturbances. The figure 8 shows test result, in which the image clearly evidence the two objects of disturbance, discriminating between disturbances generated by the conductive and non-conductive materials. The results do not show good accuracy between the disturbance and the reconstructed image, which can be improved with a method to minimizing electrode interface impedance and a more elaborated image reconstruction algorithm. On the other hand, the system allows to detect changes in conductivity within a saline environment which makes this system a viable alternative to performing the study of slow physiological processes such as bladder emptying (Li et al., 2016) , hematomas and hemorrhages studies (Aristovich et al., 2016) .
The proposed system presents advantages over other developed devices because the AFE4300 concentrates the functions of: (i) electrical current generation, (ii) voltage measurement, (iii) multiplexing, and (iv) demodulation, reducing the modules of the system and its respective interfaces, facilitating its implementation at a low cost. Designs like the one presented in (Bera and Nagaraju, 2009) , which employs a MAX038 for the generation of the current signal and a QuadTech7600 for the potential sensing, or in (Khalighi et al., 2012) that uses a XR2206 for waveform generation and a CD4067B for multiplexation, besides other modules, which makes the system a complex alternative to implement. On the other hand in (Wi et al., 2014 ) is presented a system called Khu Mark 2.5, is a fairly complex modular equipment that achieves 100 frames per second, but with a high economic cost.
CONCLUSION
The designed system has a maximum SNR of 71.81 dB, which allows detecting conductivity variations in a saline tank. The time delay of 50 ms between measurements makes this prototype a good alternative for the study of pathologies that do not require a high frames frequency.
The proposed system requires a few electronic components, which makes it easy to implement. On the other hand its characteristics can be improved by using more advanced methods of images reconstruction, which contribute to the decrease of the effects of the noise and to have a better SNR (Hadinia and Jafari, 2015) , (Islam and Kiber, 2014) .
